Exposure to asbestos is well known to have a causal relationship with the development of lung cancer. In order to understand the mechanism of this toxicity an extensive review was undertaken. Findings were able to show that the morphology of the asbestos (which is fibrous) has a marked correlation with its toxicity. It is this morphology that mutually contributes to enhanced aerodynamic properties making asbestos ideal for deposition in the lungs as well as giving it mutagenic properties. Therefore, it is inappropriate to ignore the intrinsic property of fibres, especially due to an increase in the amount of synthetic fibres used commercially including the pharmaceutical industry. The development of fibres as medically inhaled therapies is on the increase and therefore it is very important to examine how to benefit from the enhanced aerodynamic properties whilst minimising any toxicity.
correlation established between asbestos toxicity and its morphology, the needle-shaped [8] .
While needle-shaped particles demonstrated promise in improving inhaled delivery for a number of drugs [9] [10] [11] [12] [13] one should not neglect the toxicity that their shape bears. Needle-shaped particles have profound aerodynamic properties that allow them to both deposit and persist within the lung tissue.
Needle-shaped particles are by definition elongated and hence have a high axial ratio. Such particles have an aerodynamic diameter, D ae , independent of their length [9] . It is this peculiar characteristic that enables long thin fibres to orient with the smallest diameter in the direction of air flow (align along their long axis) allowing them to deposit deep within the lungs [14] . Furthermore, elongated particles which reach alveoli can deposit there by the mechanism of interception in contrast to compact particles of the same aerodynamic diameter (≤ 2µm) which would be more likely to be exhaled under normal breathing conditions [10] .
In order to achieve successful respiratory habitation retention need to follow the deposition and that is achieved via resisting clearance mechanism. The lung has a built in defence clearance mechanism to protect it from inhaled pathogens. However, those particles that escape the clearance mechanisms and accumulate over repeated exposure are known to be bio-persistence (biologically durable). Fibrous structures have shown to be bio-persistent [4, 15] .
Research using rodents exposed by inhalation to synthetic vitreous fibres have confirmed that pulmonary effects are determined by what is known as the "Three D's", dose (of fibre in the lung), dimension, and durability. Lung dose over time is determined by fibre deposition and bio-persistence in the lung. The deposition in the lung is inversely related to fibre diameter. Bio-persistence is directly related to fibre length and inversely related to fibre dissolution and fragmentation rates [7] .
While asbestos is a fibre with a high axial ratio, nanofibres/ nanotubes/nanowires have an even higher axial ratio due to their smaller cross sectional area and hence even better aerodynamic properties. Carbon nanotubes are of a low density and therefore produce suspended particulate matter of a respirable size. Collective results of rodent studies showed that regardless of the process by which carbon nanotubes were synthesized and the types and amounts of metals they contained, they were capable of producing inflammation, epithelioid granulomas (microscopic nodules), fibrosis, and biochemical/toxicological changes in the lungs [16] .
The use of 'needle-shaped' particles in medical and pharmaceutical industry is emerging through the use of carbon-nanotubes [1] and nanofibers [2] in particular. The use of such particles has advantages such as targeted drug delivery, enhanced bioavailability profile and fabrication of surfaces to mimic tissues for tissue engineering and regenerative medicine. However the use of nanoparticles in the form of needle-shaped fibres in particular has raised concern of toxicity due to structural resemblance to asbestos [3] .
Asbestos is a group of mineral fibres of hydrated silicates with a variety of physical characteristics and metal composites (chrysotile, actinolite, amosite, anthophyllite, crocidolite, and tremolite) [4] . Asbestos fibres were frequently used in industry due to their durability, heat-resistance, and low cost. In 1987, the International Agency for Research on Cancer has designated asbestos fibres as a Group I (definite) human carcinogen [5] . This classification was coupled with the fact that inhalation of asbestos fibres due to occupational exposure resulted in an epidemic of asbestos related diseases, which included pulmonary fibrosis (asbestosis), lung cancer and malignant mesotheliomas [6] .
At present the use of asbestos is banned in many countries while the use of synthetic vitreous fibres (SVF) such as fibreglass, mineral wool and ceramic fibre is tightly regulated via hazard classifications and regulations governing permissible exposure levels within workplace [7] . This increased regulation was in response to the strong Asbestos has been shown to escape clearance mechanism and moreover has surface properties that permit adsorption of endogenous proteins such as ferritin [17] immunoglobulin G [18] and vitronectin [19] . These complexes allow asbestos to exhibit an even greater bio-persistent [20] and hence prolonged deposition and chronic injury.
The needle-shaped particles are subjected to great physical interaction with cell molecules. Physical interactions with cells and DNA are the main principles behind the mechanism of asbestos pathology i.e. mechanical damage. [5] . It is also been shown that long, thin fibres are more active than short, thick fibres. This difference in activity may be explained as slim fibres tangle destructively with chromosomes (being of comparable size) [21] . This property is not unique to asbestos but rather it is an inherent property of any fibre [22] .
Using asbestos as an example of a microfibre, it is apparent that the particle characteristic that account for enhanced lung accessibility, habitation and pathology is mutual. Consequently it is inappropriate to disregard the intrinsic toxicity of needle-shaped particles when developing inhaled therapy. Therefore by examining each phenomenon it may reveal how this morphology can be manipulated to enhance drug delivery whilst minimising toxicity.
Human diseases associated with exposure to asbestos fibres are either inflammatory (fibrosis) or malignant (cancer) in nature [4] .
Carcinogenesis is a complex multi-mode disease with variety of dynamics that can lead to uncontrolled proliferation of the body's own cells [23] . It may be a direct genetic mutation [24] , a mitotic spindle interaction [4] or an epigenetic influence [24] . While asbestos induced inflammation is typically chronic with prolonged inflammatory mediators' release which in turn, has a great potential to stimulate cell proliferation and possibly facilitating malignant transformation [25] . In addition, reactive oxygen species may also play an important role in the mutagenic pathology. Therefore It is not a simple "one-hit" mechanism and more interestingly scientific studies revealed that asbestos can induce carcinogenicity by all these mechanism [4, 23, 26] .
The simplest mechanism is via direct genetic mutation (Figure 1 ). It involves asbestos fibres penetrating the target cell and interacting physically with DNA leading to mutations. Depending upon what genes these events affect, the cell carrying the aberrations can die or survive as a normal or abnormal cell (tumour). Tumours form when critical genes, oncogenes and regulatory genes (tumour suppressor genes), are mutated. They lead to the cell to lose the capability to differentiate, to control its own growth, and to function normally constituting the initiation step in the carcinogenic process [26] . There is overwhelming evidence to support the concept that most cancers develop as the consequence of mutations in critical genes [27] .
Human mesotheliomas have been associated with a number of direct genetic mutations. This includes monosomy of chromosomes 3 and 13 which both have a tumour suppressor gene [28] [29] [30] . In addition, extra copies of chromosome 7 were also found, it is the site of the proto-oncogene HER-1 that encodes the epidermal growth factor receptor (EGF-R) [31, 32] . Extra copies mean that there is amplification and over expression of proto-oncogenes leading to cell proliferation [26] .
Asbestos fibres are long, rigid and bio-persistent making them capable of binding to tubulin, a protein that makes up the spindle apparatus necessary for chromosomal separation during cell division, inducing aneuploidy and polyploidy ( Figure 2 ) [26] . This is a result of physical interactions of the fibres with the mitotic spindle, leading to chromosomal breakage, loss, or improper chromosomal segregation during mitosis [4] .
A number of studies have managed to explain these numerical chromosomal abnormalities. In aneuploidy, cells exposed to fibres showed to have lagging chromosomes, bridges, and sticky chromosomes in anaphase [33] . While in vitro, asbestos fibres have been shown to adhere to chromosomes in metaphase and cause polyploidy [34] . Human mesothelial cells had high incidence of chromosomal abnormalities confirming that this mechanism accounts for carcinogenicity [35] . Cancer is both an epigenetic and a genetic disease. Epigenetic alterations in cancer often serve as potent surrogates for genetic mutations. Epigenetic is defined as modifications of DNA or associated factors that have information content [36] . Gene silencing (an epigenetic modification) has been witnessed with asbestos fibre and is considered as an indirect mechanism for carcinogenicity [37] . Figure 3 illustrates a simplified mechanism of epigenetic which is a promotional activity of asbestos. Asbestos binds to membrane sites and causes epigenetic effects that initially alter cellular growth and function and later lead to carcinogenicity as a consequence of cell proliferation [23, 26] .
Macrophages attempt to phagocytise fibres that are not removed by mucociliary clearance. As macrophages range in diameter from 10 to 20μm, shorter fibres are more likely to be completely phagocytised by alveolar macrophages than longer fibres. Those longer ones lead to incomplete or 'frustrated' phagocytises, which is characterized by prolonged production of cytokines and reactive oxygen species (ROS) [15] . This inflammatory environment produces injury and proliferation of lung epithelial cells, (Figure 4 ) [38] .
ROS are superoxide free radicals and hydrogen peroxide. ROS can damage cellular macromolecules via lipid peroxidation, oxidative DNA damage [39] and by acting as a secondary messenger to alter signal transduction pathways and gene expression [35] . DNA damage manifest as oxidised bases, DNA single strand break, DNA double strands breaks, mutations and numerical and structural chromosomal aberrations [40, 41] .
In addition to the indirect formation of ROS during inflammation it can also be formed directly by asbestos ( Figure 5 ). There is the potential of transfer of an electron from the asbestos fibre to cellular molecules leading to the formation of a ROS. This initiation of redox cycling is an attribute of the redox-active transition metals of asbestos [42] . A study showed that ferrous iron in certain asbestos fibres reduced oxygen to form a super oxide free radical [43] . A second study showed asbestos fibres can catalyse the formation of both the superoxide radical and hydroxyl radical from hydrogen peroxide [44] . Some studies proved those mechanisms via the use of scavengers of active oxygen species, such as polyethylene glycol (PEG)-conjugated catalase [45] and dismutase [46] . Those scavengers were able to prevent inflammation both in vivo and in vitro [47] .
A very recent publication reveals that in addition to the physical mechanism of asbestos it also has a very interesting optical mechanism that can interfere with mitosis. Fibres with specific dimensions can transmit both UV A and UV B [48] . Long mitochondria on microtubules may be able to act as UV-lasers suggesting some universal secret role for UV related to mitosis [49] . Therefore, the insertion of fibre "shortcircuits" could then cause upsets in mitosis control, and hence DNA irregularities [48] .
Relevance to Pharmaceutics
While there are a number of inhaled drugs that have been delivered as needle-shaped particles there is also those that are intended for other routes of administration. It is equally important to consider the toxicity in such instances especially if they are liable to inhalation during handling.
Drugs that exhibit high solubility will absorb water preferentially upon entry into the respiratory tract. Therefore these highly soluble drugs will not conserve their needle-shape and instead will ultimately retrieve into spherical droplets instead [50] .
Sodium nedocromil is used for prophylaxis of asthma. It is available commercially as a trihydrate which is highly hygroscopic. When the particles are inhaled, they take up moisture in the humid environment of the respiratory tract and thus increase their particle size (by hygroscopic growth) which adversely affects deposition in the lung. Nedocromil is prepared typically by crystallisation yielding elongated respirable particles which have a very low solubility and hence no longer subject to hygroscopic growth. Therefore nedocromil had an improved lung deposition in comparison to its sodium salt [9] .
An identical scenario was illustrated by cromolyn sodium which is also indicated for prophylaxis of asthma. Cromolyn sodium is highly hygroscopic while the parent acid, cromoglycic acid, has a very low solubility in water and an elongated shape making it a much better candidate for respiratory deposition [10] .
Toxicity profile for sodium nedocromil and cromolyn sodium has been published which both illustrated a minimal systematic toxicity [51, 52] . However, it is unknown for nedocromil and cromoglycic acid. In addition it is also important to use crystallisation solvents that are inert so that their residuals do not induce acute toxicity [9] .
Another potential advantage of elongated particles is their larger drug mass carrying [9] . This means for the same aerodynamic diameter, a fibre like particle carries a larger drug mass than a compact one. Therefore, the total number of particles to be delivered for the same effect in therapy would be lower with elongated shapes. This could be advantageous because of greater colloidal stability of the preparation with the fibre-like particles, due to lower interfacial energy [10] . As a result, needle-shaped serves as ideal carries for dry powder inhalers (DPI).
The most common formulation approach of DPI is to blend the drug with a larger inert carrier (e.g. lactose). This will overcome the cohesive forces between the micronized drug particles and improve flow. During inhalation manoeuvre the drug should be liberated from the carrier in order to penetrate into the lungs [53] . These performances in turn are highly dependent on particle-particle interaction or more precisely drug-carrier interactions [13] . This lead to a significant research in DPI carrier technology with a special focus on the influence of morphology [54, 55] .
In one study α-Lactose monohydrate were prepared to have different morphological features but with similar particle size. Each batch of lactose was mixed in the same manner with micronized salbutamol sulphate. The fine particle fraction and dispersibility of salbutamol sulphate significantly increased with elongation ratio (length/width) of lactose crystals after aerosolisation of the formulations [13] .
While in another study, both drug (salbutamol sulphate) and carrier (lactose) morphology was examined. Increasing the elongation ratio of the carrier or drug improved the deposition profiles of salbutamol sulphate, suggesting that the more elongated particles would be more aerodynamic and favour deep lung penetration. However, interestingly, as the elongation ratio increased the flow properties of the carrier were affected detrimentally. This flaws the purpose of the carrier and hence reduced the content uniformity of salbutamol sulphate and drug emission from the inhaler device [11] .
Furthermore, a study was conducted aiming at improving dry powder inhalation behaviour of steroid KSR-592 with lactose by altering the crystal shape of the drug rather than the carrier. Platelet like (form α) was found to have strong cohesive and adhesive properties making aerosolization of the drug difficult. Needle-shaped crystals of the steroid (form β) were obtained by the polymorphic transformation with the aim to overcome these undesirable properties [12] . The hypothesis behind that was that the contact state between fibrous particles is extremely unstable promoting excellent de-aggregation properties [56] . This hypothesis has proved right as the respirable fraction of the β form was significantly higher, about 6 folds more, than that of the α form using a Diskhaler ® [12] . In a separate paper, this result was criticised as the relative change in performance may be difficult to be directly attribute to morphology as the steroid underwent polymorphic transformation [53] .
Recommendations for Developing Needle-Shaped Inhaled Therapies
After considering both sides of the case, the toxicity mechanism and the enhanced aerodynamic properties of the needle-shaped particles one can discuss the potential of developing new inhaled therapies consisting of fibres. Can fibres enhanced aerodynamic properties be exploited in optimised lung drug delivery?
Asbestos itself has demonstrated a desired clinical application in nucleic acid delivery (gene therapy). This was achieved by asbestos behaving as a transfecting agent to insert nucleic acid into the genome. Studies showed that asbestos managed to insert plasmid DNA vector into cos 7 monkey cells [57] and viral DNA into both liver cells and mouse fibroblast cell [58] .
Asbestos is a natural fibre with well-defined properties. Therefore unlike fibres for therapy which are prepared synthetically and hence more amenable to modification before use [4] . This fundamental difference can permit the safe use of fibres. Asbestos itself showed a decreased in binding capability to proteins e.g. bovine serum albumin when heated. In addition heat treated asbestos had reduced cellular cytotoxicity than untreated. One possible mechanism behind this reduce toxicity is the escape of electrons within the mineral upon heating [59] . Consequently this will prevent the formation of ROS.
Surface properties of a synthetic fibre can be selected and designed in a number of approaches to reduce toxicity. Eliminating the use of materials that have redox-active metals [4] , modifying surface oxidising properties [59] , charge and chemical modification to determine the location and degree of adsorption [60] and treatment of fibres to make them more soluble (improving their dispersion in biological fluids) and therefore reducing bio-persistent [60] are few of the approaches possible.
Biologically durability also accounted for asbestos pathology. Experimental data clearly indicate that fibres that are difficult or impossible to eliminate by the pulmonary clearance mechanisms, and that are not subject to physical breakdown or chemical dissolution, are more likely to exert their bioactive effects and are, thus, potentially more toxic [60] . Consequently manufacturing of fibres that are more subjected to clearance will reduce toxicity dramatically.
The rate at which fibres are physically cleared from the alveolar gas exchange region of the lung depends upon the ability of macrophages to engulf them. Fibres that are longer than the macrophages will not be engulfed. Asbestos breakage occurs longitudinally, resulting in additional fibres of the same length but smaller diameter. However this is not the case with amorphous fibres as they break perpendicular to their long axis resulting in fibres that can be engulfed by the macrophages [59] . Therefore they are less bio-persistent than asbestos and hence less toxic.
A study looked at the effects of fibre dimension and solubility on bio-persistence. In the study intratracheal injection of nine different fibres were studied. The relative bio-persistence of fibres was assessed from the changes in mean lung burden, as determined by electron microscopy post injection. In line, the ability of the test materials to resist dissolution was measured using a simple in vitro experiment. The observed differences in the persistence of fibres of differing length recovered from rat lungs were consistent with the current hypothesis that short fibres are cleared by cellular processes and long fibres by dissolution and disintegration. Differences in persistence of long (>20mm) fibres were correlated with measured rates of dissolution in vitro [61] .
The European Union (EU) has proposed a series of protocols for the in vivo examination of man-made vitreous fibres. The European Commission Joint Research Centre published standardised methods regarding the evaluation of both acute and chronic exposures to man-made fibres. Those standardised methods give information regarding test animals, exposure levels (dose) along with duration and frequency, observational period, data collection and statistical analysis. Also criteria were established for the classification and labelling of synthetic mineral fibres. This European Commission Directive was derived based upon an extensive program evaluating current scientific knowledge on fibre pathogenicity and its relationship to the bio-persistence of long fibres. Within this context, the bio-persistence of fibres longer than 20μm was found to be a good predictor of the lung burden and early pathological changes in chronic inhalation studies with fibres as well as of the tumour response in chronic intraperitoneal studies. The analysis that provided the scientific basis for the relationship of bio-persistence to the chronic inhalation results is presented in detail. Proportional odds regression techniques were used to determine the relationship between both inhalation and intratracheal instillation bio-persistence clearance half-times and the collagen deposition at the broncho-alveolar junction. The results indicate all the indicators of bio-persistence considered are equally good predictors of the early long-term change that occurs in the lung in response to more durable fibres. This change the collagen deposition at the broncho-alveolar junction is a precursor of interstitial fibrosis, which has been shown to be associated with tumour response in fiber-exposed animals [62, 63] .
The known toxicity mechanism of asbestos is on a molecular and cellular level i.e. biological mechanism. For developing a pharmacotherapy then it would be essential to understand the pharmacokinetics and pharmacodynamics of the molecule, from both a physical and a chemical aspect. This should be drug specific in order to assess elimination and target cell specificity [26] .
The surface, clearance and breakage modifications of synthetic microfibers coupled to the opportunity to evaluate activity prior to wide scale use is a foundation for future applications. Therefore the aptitude of fibres in enhanced lung delivery should not be neglected. Instead should recognise that their use must be selective and balanced against their potentially harmful inherent properties.
In conclusion, the current understanding of asbestos pathology is a cooperative framework to guide the design and post-processing of inhaled microfibers. This framework should be employed in a preemptive attempt to reduce the potential for exposure-related 'fibrediseases' by undertaking the necessary safety and toxicology studies prior to wider use.
